Water activities (potentials) in plant materials were measured over the range from free water to oven dryness with a Spanner thermocouple psychrometer. In a two-step procedure, water was first condensed on the thermocouple junction for several minutes. The sample was then Inserted under the wet thermocouple and the maximum psychrometric cooling was measured in about 10 seconds. Calibration was with saturated salt slurries of known water activities. Psychrometric cooling was a nearly linear function of the water activity and of the negative log of the water potential. The psychrometric cooling to water activity relationship agreed with wetbulb temperature depression to relative humidity relationships given in tables. Water activities of wheat grains and leaves decreased sharply in a curvilinear fashion as their water contents decreased. Some problems of the procedure are discussed.
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Plant physiological activities generally occur only at tissue water potentials well above -7.5 MPa (= -75 bars). Leaves of most species die if they wilt even briefly to this level. Vegetative organs of xeric plants may survive and continue activity at lower potentials, and seeds and poikilohydric species survive air drying. Enzyme activity (7, 11) may continue at potentials below -7.5 MPa. There is, thus, a need for water potential measurements throughout its range. Unfortunately, the procedures by which water potential is usually measured also have a lower limit of about -7.5 MPa. Commercial pressure chambers are limited to this range, although stronger ones could be built. The Spanner thermocouple hygrometer (8) is limited because Peltier cooling is insufficient to condense water when the RH is below about 95%, equivalent to -7.5 MPa. This limitation can be overcome, however, by a twostep procedure: (a) condensation on a Peltier cooled thermocouple from air at 100%o RH over water, followed by (b) insertion of the sample into the chamber and immediate measurement ofpsychrometric cooling of the prewetted thermocouple (11 in which R is the universal gas constant, T the Kelvin temperature and V the partial molal volume of water. The a. is the ratio of water vapor in air, p, to the saturation vapor pressure, p°. It is also equivalent to the mole fraction of water in an ideal solution. Water potential decreases exponentially from zero to inconveniently large negative numbers as material dries. Water activity has a more convenient range, from one to zero, and will be used in this report.
MATERIALS AND METHODS
The key to measuring low a. values is the sample chamber transducer. This should meet the following specifications: (a) allow for remotely controlled substitution of sample for water in the sample chamber during the determination, and (b) provide uniform temperature of the sample and chamber. For example, the six-sample chamber unit of Campbell et al. (3) used in a constant temperature water bath satisfies these requirements (2) . We have used a commercial sample chamber (Wescor C52, Wescor, Inc., 454 South Main, Logan, Utah 84321) without a water bath. The chamber is made of aluminum block and is further enclosed within a module built of insulating board that surrounds the chamber on all sides with 8-cm insulation (Fig. 1) . The high thermal conductivity of the aluminum block chamber surrounded by insulation minimizes temperature gradients during measurement (1, 6, 9) and permits the chamber to be used without a constant temperature bath. The top half of the insulation module is removed while loading the chamber. Ports in the insulation MEASURING LOW WATER POTENTIAL module permit the sample chamber to be opened and closed and the sample to be transferred by use of thermally nonconducting wooden rods.
Since the water potential of the sample is determined within 10 s after it is inserted into the sample chamber, precautions are needed to insure that the sample is at chamber temperature. This is achieved both through the high degree of insulation and by use of an aluminum sample slide in place of the usual plastic sample slide. We also avoided thermal gradients by such operational precautions as thermally equilibrating sample dishes after washing and by handling sample dishes and samples with forceps. The sample was loaded into the sample dish and onto the sample slide several minutes before transfer into the chamber. Water vapor loss (or condensation on dry samples) during this wait was minimized by sealing the sample dish with a layer of sheet rubber pressed firmly against the rim by sponge rubber. The rubber seal is soft enough to allow movement of the sample slide and dish.
The sample chamber thermocouple can be controlled and read with a variety of meters. The Wescor HR33 dew point microvolt meter, with a meter range to 300 luv was used for samples with a water activity above 0.6. A meter with a 1000 ,uv range is needed for determinations down to zero water activity. The Wescor MJ-55 is presently the only commercial psychrometric microvolt meter with this range. However, any commercial microvolt meter with a 1 ,uv sensitivity and a 1,000,v range could be used in conjunction with a switch box (3, 10) .
The Two-Step Procedure for Low Water Activties. (a) The insulation top ( Fig. 1 ) was removed. One or two drops of distilled H20 were placed on a filter paper disc in the left-hand sample dish; this was slid into the chamber and the chamber cap closed to seal.
(b) The sample or calibrating slurry was loaded into the righthand sample dish, keeping the rim of the sample dish clean. The chamber was immediately covered with the top of the insulation module, which also sealed the sample from evaporation (or condensation if it was below the a. of the air).
(c) The meter was switched to COOL for 1 to 5 min, with longer times for drier samples. A current was passed through the sample chamber thermocouple, cooling it by the Peltier effect and condensing water on the junction.
(d) The meter was switched to READ and the ZERO OFFSET was adjusted to a zero meter reading. (With distilled H20 in the dish and on the junction, the chamber gas phase was saturated and its a. was one.) (e) After the meter was zeroed, a wooden screwdriver was inserted through the top port to open the sample chamber. The slide and sample were pushed into the chamber which was immediately closed and sealed. The meter was immediately observed and the maximum, plateau, deflection that occurred in about 10 s was recorded. This ,uv reading was proportional to the psychrometric or evaporative cooling of the thermocouple junction. The reading varied among different thermocouples, but was about 6.5 ,uv ± 10%1o per 0.01 a. at 25 C. Transient meter deflections during transfer of the sample and resealing the chamber were ignored.
(f) The chamber can be opened after the reading is recorded. All water should be allowed to evaporate from the junction before loading another sample.
RESULTS
Caiibration. The procedure was calibrated with a series of saturated salt slurries of known water activities (4). The relationship of water activity to wet junction temperature depression was nearly linear, but with a significant nonlinear component (Fig. 2) . The 10%o) with different chambers and may change with time.
The relationship of water activity (% RH/100) to wet-bulb temperature depression is also shown in Figure 2 . RH values were taken from tables and confirmed by calculation (5) for 85 kPa, the standard pressure at Logan, Utah. The initial slopes of the calibration and RH curves were nearly identical if the psychrometer constant of the thermocouple was taken to be 47.7 ,uv/C. At lower water activities, wet junction cooling was consistently less than would be expected from RH tables. This departure from expectation may have been due to several factors: (a) The sample chamber was not ventilated, whereas RH tables are based on ventilated psychrometers. (b) Heat conduction along the thermocouple wires, which are about 2 mm long and 0.025 mm in diameter, may have become significant at temperature differences of 10 C and more. (c) The surface of the slurries may depart from water activity and/or thermal equilibrium with the bulk sample during the 10-s measurement period. These and other factors may also account for the difference of the measured thermocouple constant, 41.7 uv deg-', and the published value of 60 uv deg-' for chromel-constantan thermocouples (The Omega 1979 Temperature Measurement Handbook, Omega Enginnering, Stamford, Connecticut 06907).
Wheat Grains. Both intact and coarsely ground wheat grains (Triticum aestivum L.) were equilibrated to given a. values over selected salt slurries or silica gel in sealed jars at 22 C in darkness for 3 weeks. Half of the grains had previously been dried at 100 C, while the other half had been briefly wetted; they thus approached the selected water activities from either the dry or the moist condition. Water activities of wheat grain were determined by the procedure and calibration outlined above. Water contents of replicate grain samples were determined gravimetrically, with oven drying at 100 C.
The water activities of wheat that approached equilibrium with the respective slurries from the oven dry condition did not differ significantly from those of wheat that was initially moist (Fig. 3) . The surfaces seemed to have come to water activity equilibrium during the 3-week incubation. Water content equilibrium may not have been achieved, however, in the wet range.
Wheat grains equilibrated over slurries whose water activities were below 0.6 always gave higher measured a. values than did the slurries themselves. The same discrepancy occurred with ground grains below slurry water activities of 0.33. Oven dry wheat would be expected to cause the same psychrometric cooling as silica gel, for a measured a, of 0.01. Instead, intact gramns averaged above 0.2, while ground grains measured about 0.04.
Wheat grains were brittle at water activities below 0.6 and "chewy" or "tough" at 0.7 and 0.9. They could be dented with a thumb nail at activities above 0.7 a.. After some practice and calibration, it was possible to judge activity by such noninstrumental methods.
Leaves. The midribs of fresh leaves (Tilia americana L.) were removed and the half blades were dried slowly in a taxonomist's press. Water activity values were measured periodically for 1-cm discs cut from the middle of the drying half leaves, while gravimetric water contents were measured on the remainder of the half blade.
Leaves dried slowly to an activity of 0.9, then rapidly to 0.75 (Fig. 4) . Intensive sampling at this critical time identified only a few samples in the 0.9 to 0.75 a. range; most were either above 0.9 a. or already approaching air dryness. Above 0.9 a. the leaves felt moist; they remained flexible down to 0.75 a., and became crisp and brittle at lower water activities. The half leaves dried somewhat unevenly, especially through the 0.9 to 0.75 a. range. The leaf margin dried more rapidly than the cut edge near the midrib, which also contained the larger veins. The location from which the disc was cut for measuring water activity thus became critical, and it may not always have represented accurately the average leaf water activity or content for the half leaf. This may account for the scatter of the data. Oven dry leaf discs, like oven dry wheat grains, give determinations in the 0.25 to 0.35 a, range, while ground leaf samples, which had been stored over silica gel, averaged 0.06 aw.
Maximum water activities measured on fresh leaves by the twostep procedure were about 0.98 (= -2.7 MPa), while Scholander bomb determinations gave more realistic values of-0.7 MPa (Fig.   4 legend) .
The procedure can be used to measure the a. of ambient air by removing the sample dish, Procedure Step b. Air dry samples usually had a. values of about 0.5 to 0.6, similar to the room air. Silica gel dessicant changes color at about 0.05 aw. DISCUSSION Differences in determinations on dry grains than on slurries, which are believed to be at the same water activity, may be due to a combination of factors. During the 10-s determination, water, which evaporates from the wet junction, condenses on the sample, inevitably raising its water activity. (a) This increase in a. could be large in a dry colloid in which the relationship between water activity and water content is very steep, as it is for grains and leaves (Figs. 3 and 4) and for soils. In contrast, the same amount of water would dilute a slurry only slightly, with an insignificant increase in a.. (b) The hydraulic conductance of a dry colloid is also typically low, so that the condensed water remains on the colloid surface, raising its a.. Condensed water molecules would diffuse more rapidly below the surface of a slurry. Seed coats of intact grains and cuticles of dry leaves may have a much lower conductivity than the exposed endosperm of ground grains, accounting for the higher a. measurements ofthe former. (c) Ground materials also have a larger surface exposed to water condensation, resulting in less a. change. It is likely that all of these factors combine to cause various degrees of error in a. determination in the dry range in plant materials. An indication of the magnitude of error in the extreme dry range can be obtained by measuring ground, oven dry material that has been stored over freshly dried silica gel.
A cooling time of 6 min was long enough even for the driest samples. After longer cooling times of 15 or 30 min, as suggested by Campbell and Wilson (2) , the readings generally were lower (fewer ,uv) and very erratic. Also, after long cooling times, the meter would often rise by jerks (haltingly), with the maximum deflection being a spike, in contrast to the smooth rise and plateau with 2 to 4 min cooling times. This response was unexpected, is unexplained, and is mentioned to alert others to some of the Another unexplained problem is that certain thermocouples or sample chambers failed temporarily to function at lower activities, giving readings of 0 ,uv instead of the expected 300 to 600 ,uv. The same thermocouples resumed normal functioning at higher activites. Throughout the years we have occasionally noted similar temporary failures at high zero offsets, i.e., large temperature gradients, with single junction soil pyschrometers.
The two-step psychrometric procedure may be used to measure water activity (or water potential) over its entire range. Its greatest potential use is with drier materials which are not conveniently measured by other methods. It is not recommended for activities above 0.95 (-7 MPa water potential) for which the Scholander pressure chamber and standard psychrometric procedures are both more convenient and, apparently, more accurate. 
